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1.  Introduction 
 
The previous chapter introduced the concept of a possible friction drag 
effect between clothing layers. Many authors who found increases in energy 
costs when working in multilayered protective clothing ensembles 
speculated that this effect may have been responsible for some of the 
increase recorded.  
 
However, although this friction drag had been put forward by many, a review 
of the ergonomics, clothing and textile literature revealed a lack of detailed 
investigation into the issue.  
 
Results from the previous chapter found wearing four layers did increase the 
metabolic costs of walking and completing an obstacle course by 4.5 to 
7.4% compared to a single layered control condition of the same weight, 
with the increases statistically significant (p<0.05) in all but one condition. 
Layers were made up of high and low friction fabrics and worn in different 
combinations but the differences in metabolic cost between the high and low 
friction ensembles tested (up to 2.8 %) did not prove statistically significant.  
1.1  Previous research 
 
As reported in the previous chapter, a number of authors (Teitlebaum and 
Goldman 1972, Amor et al. 1973, Lotens 1982, Duggan 1988, Patton et al. 
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1995, Murphy et al. 2001, Rintamaki 2005) have suggested a possible link 
between increased energy costs and friction of multiple clothing layers. 
However despite an awareness of its possible contribution, only one study, 
Anttonen et al. (2001) attempted to investigate the issue. Anttonen et al. 
(2001) summarise some of the factors that influence friction; pressure, 
contact surface area, contact points, direction of motion, duration of contact, 
velocity, fibre, construction of yarn and fabric, finishing of fabric and wetness 
of fabric. 
 
The previous chapter looked at the friction between a number of layers and 
also investigated the effect of the fabric finish by using 100 % polyester 
fabric with a crepe finish and a satin finish to make up a number of high and 
low friction suits respectively. 
 
No studies have been found which looked at the effects of friction in wet 
garments, although in a Report to the Scientific Board of National Defence 
(2000) written in Finnish, Anttonen et al. detail some measurements of 
friction between different fabrics when dry and wet. The increases in wet 
friction coefficient values between the materials they tested were 7.7 to 
102.6 % higher compared to the same material measured dry (Anttonen et 
al. 2000). 
 
1.2  Aims 
 
The previous study looked at the effects of friction on metabolic rate using 
multiple layers made of high and low friction material. This study will look at 
the same layer ensemble with overalls, as used in one condition of the 
previous study (underwear, material layer, overall, material layer, overall) 
and the same materials (high friction and low friction), with a number of 
layers wetted. Therefore the aims of this study are; 
 To investigate if friction caused by wearing a number of wetted layers 
has an effect on the metabolic cost of activity with the hypothesis that 
wet layers will increase the friction between layers and result in a 
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higher energy cost than a single layered control of the same weight. 
Extra wet layers will increase the friction further and therefore result 
in a higher metabolic rate. 
 To investigate if the effects of wearing a number of wetted layers are 
different with high and low friction material layers. The hypothesis 
being that the resultant energy costs when completing activities 
wearing the high and low friction layers will be higher with wet layers 
than dry and that the increases with the wet high friction layers will be 
greater than with the wet low friction layers due to greater material 
friction in the high friction layers. 
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2.  Methods 
 
2.1  Participants 
 
Eight male participants took part in the study. They were all volunteers 
drawn from the student population at Loughborough University. Their 
physical characteristics are summarised in Table 2.1. 
 
Table 2.1. Participant details. 
 
Gender Age (yrs) Height (cms) Weight (kg)
M 29.4 187 79
M 25.4 180 67
M 24.7 180 72
M 28.6 178 70
M 25.9 178 75
M 23.8 177 60
M 27.8 171 62
M 23.2 180 71
ave 26.1 178.9 69.5
SD 2.3 4.4 6.3  
 
2.2  Clothing 
 
The background to the selection of the high and low friction material and 
design of the suits is provided in the previous chapter. The layers used in 
this study were the same as those in the low and high friction layer 
conditions in the previous study. For the present study participants were 
required to complete two sessions. One session consisted of wearing 2 low 
friction layers in between 2 overalls (with underwear as the first layer), the 
other session consisted of wearing the same ensemble with high friction 
layers. Within the sessions, participants completed 4 conditions, a control 
(wearing sweatshirt and tracksuit trousers), all layers dry, inner layers wet, 
inner and outer layers wet, the details of which are included in Table 2.2. 
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Table 2.2. Breakdown of layers worn (underwear, layers, overalls) and their status 
(dry or wet) for each condition within a session, all dry, inner wet, inner and outer wet 
(control not included in table, tracksuit trousers and sweatshirt). 
 
  
ALL 
DRY 
INNER 
WET 
INNER / 
OUTER WET
underwear dry wet wet 
low / high friction layer dry wet wet 
overall dry dry dry 
low / high friction layer dry dry wet 
overall dry dry wet 
 
A number of methods were piloted for wetting the layers including spraying 
the garments with water to try and achieve an even covering of moisture, 
another method involved leaving garments overnight in a bag with a known 
volume of water. An appropriate degree of wetness also had to be judged. 
The garment needed to be wetted as evenly as possible but excess water 
dripping from the garment needed to be avoided as this would alter the 
weight. Various degrees of wetness were assessed by wearing the 
garments while performing the tasks and visually inspecting the distribution 
of wetness on the garment. The friction of garments of varying wetness were 
estimated subjectively by laying them on a table and easing layers across 
each other. Garments were also wetted, weighed and placed in bags and 
left to sit for varying time periods and then weighed again. The garments 
could be left for up to 60 minutes with very little weight change (up to a few 
grams).  
 
The method chosen for wetting the garments in this study commenced sixty 
minutes before the participant was due to arrive when the garments to be 
wetted (underwear, low or high friction layers and overalls) were immersed 
in water (from the cold tap) by placing them in a 10 litre bucket (a in Figure 
2.1) filled to 75 % of its capacity for 60 seconds. The garments were then 
removed from the bucket and wrung by hand to expel most of the water and 
then placed on a 100 % cotton towel on a table and covered with another 
towel (b and c in Figure 2.1). The garment was then rolled down the table as 
shown in d in Figure 2.1, using the hands to press and roll the towels, 
moving the hands across the width of the towel after each half turn. This 
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process was used to remove excess water from the garment and evenly 
distribute the water and therefore weight across the garment. After rolling, 
the garment was weighed. If the weight was too high, the process was 
repeated. If the weight was too low, extra water was added to the garment 
using a spray bottle. Each garment was placed in a plastic bag when its 
target weight was achieved, the air was pushed out of the bag by hand, it 
was then tied and placed in the testing lab at room temperature (e in Figure 
2.1). 
 
   
  
 
Figure 2.1. Process of wetting garments a. soaking of garment by immersing in 
bucket of water, b. laying of garment on towel, c. covering garment with second 
towel, d. rolling of excess water from garment and e. storage of wet garment in 
plastic bag. 
 
 
2.3  Weight corrections 
 
In order to make comparisons between the conditions as accurately as 
possible, all ensembles, wet, dry, low friction and high friction were brought 
up to the same weight. The explanation for adding weight to bring the weight 
of clothing up to the heaviest condition can be found in the previous chapter, 
a b c 
d e 
________________________________________________________ 
 Wet layers 
7
where the weight correction section details the method used for calculating, 
correcting and distributing the weight, and how it was placed on participants. 
The layers for the present study were weighed wet and their weights are 
provided in Table 2.3. 
 
2.4  Experimental design 
 
The study was a within-subjects design with each participant acting as their 
own control. Participants attended the lab on two occasions. One session 
was made up of the low friction conditions; all layers dry, inner 2 layers wet, 
inner and outer 2 layers wet and a control condition. The other session was 
made up of the high friction condition; all layers dry, inner 2 layers wet, inner 
and outer 2 layers wet and a control condition. The session and garment 
orders were fully balanced. 
 
Table 2.3. Weight details for each layer and weight corrections to be applied. 
 
High friction layers    
inner and outer layers wet 5.542kg  Heaviest condition,    
wet underwear (1.169kg)    No correction required   
wet layer (1.29kg)       
dry overall (0.642kg)       
wet layer (1.357kg)       
wet overall (1.084kg)       
inner layers wet 4.386kg correction 1.156kg   
wet underwear (1.169kg)   waist 0.721kg 
wet layer (1.212kg)   ankles  0.094kg 
dry overall (0.642kg)   wrists 0.05kg 
dry layer (0.697kg)       
dry overall (0.666kg)       
all dry 3.183kg correction 2.359kg   
dry underwear (0.572kg)   waist 1.472kg 
dry layer (0.606kg)   ankles  0.194kg 
dry overall (0.642kg)   wrists 0.102kg 
dry layer (0.697kg)       
dry overall (0.666kg)       
control 0.846kg correction 4.696kg   
top and bottoms   waist 2.93kg 
    ankles  0.386kg 
    wrists 0.203kg 
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Low friction layers    
inner and outer layers wet 3.597kg correction 1.945kg   
wet underwear (1.169kg)   waist 1.214kg 
wet layer (0.342kg)   ankles  0.160kg 
dry overall (0.642kg)   wrists 0.084kg 
wet layer (0.36kg)       
wet overall (1.084kg)       
inner layers wet 3.084kg correction 2.458kg   
wet underwear (1.169kg)   waist 1.534kg 
wet layer (0.321kg)   ankles  0.202kg 
dry overall (0.642kg)   wrists 0.106kg 
dry layer (0.286kg)       
dry overall (0.666kg)       
all dry 2.41kg correction 3.132kg   
dry underwear (0.572kg)   waist 1.954kg 
dry layer (0.244kg)   ankles  0.286kg 
dry overall (0.642kg)   wrists 0.136kg 
dry layer (0.286kg)       
dry overall (0.666kg)       
control 0.846kg correction 4.696kg   
top and bottoms   waist 2.93kg 
    ankles  0.386kg 
    wrists 0.203kg 
 
2.5  Procedure 
 
The general health and fitness of participants was assessed as they were 
required to fill out a Health Screen Questionnaire and consent form when 
they arrived at the laboratory prior to the first session. Participants were 
shown the obstacle course with the route and timing described and 
demonstrated to them, they also had a chance to practice before they 
started.  
 
They were provided with the first set of clothing and given time to dress and 
put on the heart rate monitor. Weights were attached around the waist, 
wrists and ankles if necessary in that condition, sweatbands were worn in all 
conditions. 
 
Subsequently they were instrumented with the MetaMax and instructed to sit 
at rest while data collection was started. Following a 5 minute seated rest, 
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participants completed the first work mode (walking on a treadmill at 5 
km/hr) which lasted 4 minutes, followed by 6 minutes of the obstacle course, 
moving crates, and going over and under hurdles (all work modes are 
described in detail in the methodology chapter, as is the floor plan for the 
obstacle course). They were always asked for their Rate of Perceived 
Exertion (RPE) score in the final minute of the work periods. Participants 
then rested and got changed for the next condition. Three layers conditions 
and a control were completed in each session. 
 
2.6  Analysis 
 
A univariate analysis of variance was used for the metabolic rate data, to 
establish possible significant differences from the control condition and 
between the wetted conditions and high and low friction material. Tukey 
post-hoc tests were carried out to establish where the significance lay.   
 
For the Rate of Perceived Exertion data Wilcoxon Signed Ranks tests were 
used to establish if the subjective data recorded in the different material and 
wetted conditions were significant. 
 
2.7  Material testing 
 
The dry material testing was carried out as described in the previous 
chapter. For the wet material testing, the fabric samples were treated as 
follows; weigh the dry specimen, submerge in water bath, remove extra 
water with roller, weigh wet specimen, repeat water removal if necessary 
until approximately wetting of 100 % on dry fabric weight is achieved. A new 
specimen was prepared for each measurement.  
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3.  Results 
 
3.1  Participants and environment 
 
Eight male participants (age 26.1+2.3 years, height 178.9+4.4 cm, weight 
69.5+6.3 kg) completed both sessions in the low and high friction layers. 
The average environmental conditions for the room were 16.3+0.40C and 
53+3% relative humidity.  
 
3.2  Material results 
 
The results for the material tests are shown in Figure 3.1 for the low (grey 
bars) and high (black bars) friction layers respectively. For the inner layers 
wet condition participants were required to wear wet underwear and a wet 
low or high friction material layer followed by dry layers and in the inner and 
outer layers wet condition, participants wore the wet underwear and first 
layer as just described, followed by a dry layer and then 2 further wet layers. 
Therefore the material friction coefficient values between the wet underwear 
and wet material layer, and wet material layer and wet overall layer were 
measured. The friction coefficients between the overalls and the friction 
layers when wet and dry were also measured. 
 
The highest values measured were for the wet underwear and wet material 
layer samples for both the high friction material, 1.449 and the low friction 
material, 0.533. The other all wet measurement (wet overall layer v wet 
friction layer samples) produced the next highest friction coefficient values, 
0.960 for the high friction layer and 0.525 for the low friction layer. The 
lowest values were recorded with only one wet sample and the other dry, 
with very little difference between the wet overall and dry material layer or 
dry overall and wet material layer, 0.831 and 0.880, 0.493 and 0.479 for the 
high friction and low friction materials respectively.  
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Figure 3.1. Friction coefficient values for the different wet and dry layer combinations, based on material measurements with the Kawabata 
Evaluation System KES – FB4. 
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3.3  Absolute results 
 
The absolute values for the 6 different conditions; low friction all dry, low 
friction inner layers wet, low friction inner / outer layers wet and 
corresponding high friction conditions are included for walking in Table 3.1 
and the obstacle course in Table 3.2. The average values shown in Table 
3.3 and illustrated in the graphs are calculated from each participants % 
increase in metabolic rate from their own control within the same session.  
 
Table 3.1.  Absolute values for all conditions during the walking work mode. 
WALK 
  
V O2 
(l/min)
RER 
Heart 
rate 
(bpm) 
Met rate 
(W) 
Met rate 
(W/m2) 
control ave 1.04 0.83 90 350.3 187.1 
  SD 0.17 0.11 12 53.4 22.5 
low friction all 
layers dry ave 1.06 0.78 92 353.9 189.3 
  SD 0.18 0.12 13 55.0 25.0 
low friction inner 
layers wet ave 1.09 0.79 89 364.5 194.9 
  SD 0.18 0.11 13 56.3 24.7 
low friction inner 
/ outer layers 
wet 
ave 1.08 0.79 89 361.4 193.1 
  SD 0.16 0.10 12 51.6 20.2 
high friction all 
layers dry ave 1.08 0.85 91 365.0 194.5 
  SD 0.23 0.09 14 75.0 32.5 
high friction 
inner layers wet ave 1.10 0.84 90 371.8 198.3 
  SD 0.23 0.11 14 71.6 31.1 
high friction 
inner / outer 
layers wet 
ave 1.13 0.86 90 382.1 203.8 
  SD 0.24 0.12 15 76.4 34.0 
 
The average value for V O2 recorded when walking in the control condition 
was 1.04 l/min with increases of 0.02 to 0.09 l/min with additional layers. 
The values recorded during the obstacle course were higher, 1.45 l/min in 
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the control and increases of 0.04 to 0.11 l/min with additional layers. The 
heart rate is also higher in the obstacle course control 104 bpm rising to 108 
bpm with extra layers compared to 90 bpm rising to 92 bpm in the control 
and layers conditions respectively. The respiratory exchange ratio (RER) 
values were very similar across work modes with a metabolic rate in the 
control condition of 187.1 W/m2 walking and 260.4 W/m2 for the obstacle 
course. The increases in metabolic rate, based on the data in Table 3.1 and 
Table 3.2, walking with extra layers was 2.2 – 16.7 W/m2 (1.2 – 8.9 %) and 
for the obstacle course, 5.6 – 21 W/m2 (2.2 – 8.1 %). 
 
Table 3.2.  Absolute values for all conditions during the obstacle course work mode. 
OBSTACLE 
COURSE 
  
V O2 
(l/min)
RER 
Heart 
rate 
(bpm) 
Met rate 
(W) 
Met rate 
(W/m2) 
control ave 1.45 0.81 104 486.4 260.4 
  SD 0.24 0.10 14 80.3 40.5 
low friction all 
layers dry ave 1.49 0.78 108 496.7 266.0 
  SD 0.22 0.10 13 70.8 35.6 
low friction inner 
layers wet ave 1.50 0.80 104 502.2 269.1 
  SD 0.17 0.09 12 55.8 28.4 
low friction inner 
/ outer layers 
wet 
ave 1.52 0.79 104 506.8 271.0 
  SD 0.2 0.1 11 73.3 31.9 
high friction all 
layers dry ave 1.56 0.84 108 525.9 281.4 
  SD 0.28 0.09 18 87.8 43.1 
high friction 
inner layers wet ave 1.55 0.86 105 524.3 280.9 
  SD 0.25 0.13 16 79.3 41.1 
high friction 
inner / outer 
layers wet 
ave 1.55 0.86 105 525.2 280.8 
  SD 0.33 0.11 15 111.4 54.7 
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Table 3.3. Average percentage increase in metabolic rate for each condition and each 
work mode, based on % increase from control in each session for each participant. 
 
  
WALK 
OBSTACLE 
COURSE 
AVERAGE 
 low friction all layers dry 3.2 5.4 4.3 
 low friction inner layers wet 8.4 9.4 8.9 
 low friction inner / outer layers wet 5.4 9.2 7.4 
 high friction all layers dry 4.4 8.6 6.2 
 high friction inner layers wet 6.6 9.2 7.9 
 high friction inner / outer layers wet 9.3 7.2 8.3 
 
3.4  Metabolic rate results 
 
The percentage increases in metabolic rate relative to session controls have 
been plotted in Figure 3.2 and Figure 3.3. Figure 3.2 is a summary of the 
sessions where the low friction layers were worn, with the high friction 
results illustrated in Figure 3.3. The heaviest layer ensemble was the high 
friction inner and outer layers wet, the corrections for weight applied to the 
other ensembles and method for calculating the additional weight and its 
distribution have been explained previously. The overall results are an 
average of the walking and obstacle course. The significant differences 
highlighted (*) are significant increases from the control condition. 
 
For the low friction layer results, presented in Figure 3.2 the smallest 
increases in metabolic rate when walking, during the obstacle course and 
overall were seen when all the layers were dry, 3.2, 5.4 and 4.3 % 
respectively. The largest increases were recorded during the wet inner 
layers condition, 8.4 % higher than the control when walking, 9.4 % during 
the obstacle course and 8.9 % overall. The 9.4 % and 8.9 % increases were 
significantly (p<0.05) higher than the control. When both the inner and outer 
layers were wet the increases in metabolic rate were 5.4 % walking, 9.2 % 
for the obstacle course and 7.4 % overall, which was also significantly 
higher than the control (p<0.05). The 8.4 % increase recorded for the 
walking with the inner layers wet, was close to significance with a p value of 
0.063. 
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The data collected during the high friction layer sessions is summarised in 
Figure 3.3. For the walking work mode the lowest % increase in metabolic 
rate can be seen in the all dry condition, 4.4 % from the control, rising to 6.6 
% when the inner layers were wet and 9.3 % when the inner and outer 
layers were wet. The overall data (an average of the walking and obstacle 
course data) also follows this pattern, with increases of 6.2, 7.9 and 8.3 % 
from the control with increasing numbers of wet layers. However the 
obstacle course data does not follow this trend, the increases in the dry and 
inner wet layers conditions were 8.6 and 9.2 % from the control respectively, 
however the increase when both inner and outer layers were worn wet was 
only 7.2 %. None of the results reached significance compared to the control 
values but two of them were close, walking all layers wet (p 0.072) and inner 
layers wet obstacle course (p 0.078).  
 
Comparing the low and high friction layers, the relationship between the dry 
and wet inner layers conditions are similar, with greater increases in 
metabolic rate walking and completing the obstacle course when the inner 
layers are wetted, as seen in Figure 3.4 and Figure 3.5. The wetting of the 
inner layers had a larger effect on the metabolic rate increase with the low 
friction fabric. But the range in values recorded during the work modes were 
similar with the different fabrics, the range in increases across the work 
modes wearing the low friction layers was 3.2 to 9.4 % and with the high 
friction layers, 4.4 to 9.2 %, with the lowest values seen when walking and 
highest values during the obstacle course irrespective of material.  
 
However, there is not a clear pattern for the results of the wettest conditions 
(inner and outer layers wet). For the walking work mode the increase in 
metabolic rate compared to control was higher for the high friction layers 
than the low friction ones, but in the obstacle course completed with all the 
layers wet, the low friction layers caused a greater increase in the metabolic 
rate than the high friction layers, as seen in Figures 3.4 and 3.5. For the low 
friction layers, the highest increase in metabolic rate was 9.2 % for the 
obstacle course, and for the high friction layers, 9.3 % when walking. 
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Figure 3.2. Percentage increases in metabolic rate relative to a control for low friction 
layers, all layers dry (light grey), inner layers wet (grey), inner and outer layers wet 
(black) (n=8). Sig p<0.05 versus control marked with *. 
Figure 3.3. Percentage increases in metabolic rate relative to a control for high 
friction layers, all layers dry (light grey), inner layers wet (grey), inner and outer 
layers wet (black) (n=8). Sig p<0.05 versus control marked with *. 
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Figure 3.4. Comparison of the % increase in metabolic rate when walking for the low 
(grey bars) and high (black bars) friction materials in the different conditions. 
 
Figure 3.5. Comparison of the % increase in metabolic rate when completing the 
obstacle course for the low (grey bars) and high (black bars) friction materials in the 
different conditions. 
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3.5  Subjective results 
 
The scores recorded by asking the participants to rate their level of 
perceived exertion (RPE) during the two work modes are shown in Figure 
3.6 and Figure 3.7. The RPE scale starts at 6, no exertion at all, 7 is 
described as extremely light, 9, very light, 11, light and 13, somewhat hard. 
The scale runs to 20 described as maximal exertion, with the numbers 
corresponding to heart rate divided by 10, so 60 bpm equals 6 (no exertion 
at all, rest) up to 200 bpm or 20 (maximal exertion). 
 
 
In the low friction layers shown in Figure 3.6, when walking participants 
rated their level of exertion as 9, 9.5, 9.4 for the dry layers, wet inner layers 
and wet inner and outer layers compared to 8.5 when in the control clothing. 
When completing the obstacle course in the control clothing participants 
rated their exertion as 10.4 and this rose to 11.4, 11.1 and 11.4 as the wet 
layers increased. The highest rating 9.5 for the inner wet layers walking and 
11.4 for the dry layers in the obstacle course were both significantly (p<0.05) 
higher than the control. 
 
Figure 3.7 summarises the RPE data from the high friction layer conditions, 
the ratings increased from 8.3 in the control to 9.6, 9.4, 9.6 with increasing 
wet layers walking and from 10.4 to 11.8, 12, 12.3 with increasing wet layers 
in the obstacle course. For the walking work modes the increases in RPE in 
the dry and inner wet layers conditions (9.6 and 9.4) were significantly 
(p<0.05) higher than the control and for the obstacle course the increases to 
12 and 12.3 in the inner wet layers and inner / outer wet layers were 
significantly (p<0.05) higher than the control. 
 
The results from the control conditions were very similar, 8.5 and 8.3 
walking in low and high friction sessions and 10.4 and 10.4 in the obstacle 
course respectively. However with increasing numbers of wet layers, the 
increases in RPE were greater for the high friction layers, 9.4 to 9.6 walking 
and 11.8 to 12.3 for the obstacle course, compared to 9 to 9.5 and 11.1 to 
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11.4 for the same work modes in the low friction layers, but the differences 
between the low and high friction conditions were not significant. 
 
Figure 3.6. Rate of Perceived Exertion scores given by participants (n=8) for the low 
friction layers in the control (white), dry layers (light grey), wet inner layers (grey) 
and wet inner and outer layers (black) conditions. Sig of p<0.05 marked by *. 
 
 
Figure 3.7. Rate of Perceived Exertion scores given by participants (n=8) for the high 
friction layers in the control (white), dry layers (light grey), wet inner layers (grey) 
and wet inner and outer layers (black) conditions. Sig of p<0.05 marked by *. 
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4.  Discussion 
 
The friction coefficients obtained from the wet material testing resulted in 
higher values for the underwear and material layer package than the overall 
and material layer package for both the low and high friction material layers. 
The wet data and the results from the dry material testing detailed in the 
previous chapter have been summarised in Table 4.1. The percentage 
increase in friction when the material is wet compared to dry has also been 
calculated. Not only are the absolute values for the high friction layers much 
higher but the increase in friction when wet is also much higher, with the 
values increasing by over 100 %.  
 
Table 4.1. Friction coefficient values (measured using a Kawabata system) for the 
low and high friction layers when dry and wet. 
 
  dry wet increase (%) 
underwear + low friction layer 0.426 0.533 25.1 
low friction layer + overall 0.266 0.525 97.4 
underwear + high friction layer 0.668 1.449 116.9 
high friction layer + overall 0.461 0.96 108.2 
 
Anttonen et al. (2000). measured friction between layers when dry and wet 
using the same method and equipment as in the present study. Table 4.2 
summarises the main findings, it should be noted that the purpose of their 
study was to develop optimal low friction clothing for defence forces hence 
the low friction layers tested and low dry friction values. The low friction 
materials they used were Coolmax / Thermastat and Coolmax / Polyester for 
underwear, quilted fabric for middlewear and satin for the coat.  
 
The use of lining a garment with a smooth material is another approach 
which could reduce the friction between clothing layers. This will be 
discussed in the next chapter in relation to a study looking at range of 
movement in garments and the effects of liners. The use of a liner is 
definitely an approach that could be further investigated, particularly for 
middle and outer layers, for example, jackets. However, it is perhaps not 
such a feasible approach on a thinner underwear or base layer.  
________________________________________________________ 
 Wet layers 
21
A number of different underwear garments and two outer layers with a low 
friction middle layer were tested by Anttonen et al. (2000). The 5 underwear 
samples, detailed in Table 4.2 are described below; 
1. Plated knit (smooth) 53% cotton / 47% viscose  
2. Interlocked knit cotton and polyamide 
3. Plated knit (flexible) 50% cotton / 50% viscose 
4. Plated knit (smooth) 28% Coolmax / 72% polyester 
5. Plated knit (smooth) 55% cotton / 45% viscose 
Note. Plated knit; two different threads used for making the textile; resulting 
in one (e.g. cotton) being towards the skin and one (e.g. viscose) towards 
the outer layers. (Personal communication, Rintamaki 2006) 
 
Table 4.2. Friction coefficient values (measured using a Kawabata system) for 
different materials when dry and wet from Anttonen et al. (2000). 
 
  dry wet increase (%) 
underwear 1 + low friction layer 0.325 0.556 71.1 
underwear 2 + low friction layer 0.309 0.397 28.5 
underwear 3 + low friction layer 0.336 0.598 78.0 
underwear 4 + low friction layer 0.365 0.393 7.7 
underwear 5 + low friction layer 0.306 0.596 94.8 
low friction layer + military outer layer 0.343 0.403 17.5 
low friction layer + cotton outerwear 0.34 0.689 102.6 
 
The dry measurements for the different underwear layers are fairly 
consistent, ranging from 0.306 to 0.365, but once wet the values ranged 
from 0.393 to 0.596, equating to increases of 7.7 to 94.8 % in friction from 
dry. These differences are most probably due to the different materials or 
finish of the underwear.  
 
The friction coefficient values for low friction layer and overall (100 % cotton) 
in the present study are comparable to the low friction layer and cotton 
underwear in the Anttonen et al. (2000) study, 0.266 dry and 0.525 wet 
(97.4 % increase as shown in Table 4.1), 0.34 dry and 0.689 wet (102.6 % 
increase, see Table 4.2) respectively.  
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El Mogahzy and Gupta (1993) suggest that the results of wetting on friction 
are interesting because synthetic fibres are considered hydrophobic and 
absorb little water. They also recorded higher friction in wet tests indicating 
that the liquid water did not act as an effective boundary lubricating agent. 
 
One possible cause for higher friction in wet media is an increase in yarn 
surface area as a result of water penetration through interstitial spaces 
between fibres in the yarn increasing the contact area. The shear of the 
water surface in wet sliding yarns may also contribute to increased friction 
(El Mogahzy and Gupta 1993). 
 
The absolute values for all participants walking and for the obstacle course 
seen in Table 3.1 and 3.2 respectively indicate that the size of the effect of 
adding wet layers is approximately the same across work modes. The 
increase in V O2 from the control when walking ranged from 0.02 – 0.09 l/min 
across the wetted conditions, for the obstacle course the increase was 0.04 
– 0.11 l/min. The control V O2 averaged 1.04 l/min when walking, rising to 
1.45 l/min for the obstacle course as participants were required to use their 
upper body moving crates and greater lower body ranges of movement for 
the stepping and hurdles.  
 
In the high friction conditions, there is a stepped increase in metabolic rate 
in the all dry, inner layers wet, inner and outer layers wet ensembles when 
walking but the increase in metabolic rate is much lower for the obstacle 
course task when the inner and outer wet layers are worn. None of the 
results in the high friction ensembles were significantly higher than the 
control. One possible explanation is that when so many layers are wet, 4 in 
this scenario, the layers clump together as one. Therefore there is no longer 
movement between the layers and the corresponding friction so movement 
actually becomes a little easier and thus the expected increase in metabolic 
rate is not as high. So the results did not fit the first hypothesis suggested in 
this chapter, that for garments that have the same weight and number of 
layers, increasing the number of wet layers will increase the metabolic rate.  
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The second hypothesis was that the metabolic rate increases would be 
higher in the high friction layers than in the low friction layers. Figures 3.4 
and 3.5 have been plotted to compare the metabolic rate increases in the 
low (grey bars) and high (black bars) friction materials across the conditions 
for the walking and obstacle course work modes respectively. The graphs 
show the results as expected for the dry layers both walking and in the 
obstacle course. But the trends cannot be applied to all conditions for the 
obstacle course data.  
 
The subjective data, Ratings of Perceived Exertion obtained at the end of 
each work mode (shown in Figure 3.6 and 3.7), showed a general trend of 
stepped increases from the control with increasing numbers of wet layers. In 
both the low and high friction material conditions there were significantly 
higher ratings when wearing wet layers compared to the control but no 
significant difference between the number of wet layers worn.  
 
Although the present study focused on material friction and comfort was not 
measured, a major source of fabric – evoked discomfort is the sensation of 
fabric clinging to the skin, moisture has a large effect on friction, due mainly 
to liquid water on the skin (Kenins 1994). Kenins (1994) describes how not 
only does heavier weighted fabric create a larger frictional force but wetting 
the skin doubled the frictional force for coarse wool and cashmere, 
regardless of the degree of hairiness. Keeping the skin dry is more effective 
in reducing the fabric to skin friction than the sort of fibre the fabric is made 
from, the yarn diameter, fabric weight and changes in surface properties. 
Measurements of fabric to skin friction have shown that hairy skin behaves 
differently when wet (Kenins 1994). If skin wettedness is so important it 
could be used to explain the trend shown in Figures 3.4 and 3.5 where the 
difference between the fabrics is reduced or even reversed as the low 
friction material may have a stronger cling effect than the higher friction 
material due to its smoother surface. The issue of static and dynamic friction 
has not been touched upon here.  
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Gwosdow et al. (1986) also looked at the interaction of skin and material by 
pulling various kinds of cloth including cotton, linen and silk, across the 
forearms of participants. They recorded the force required to pull the fabric 
across the skin, the skin wettedness and subjective measures of 
pleasantness and fabric coarseness. The coefficient of friction was 
determined from the contact angle and recorded forces. Measurements 
were made under a number of thermal environments; neutral, hot and 
humid, hot and dry. Silk produced the most pleasant sensations but these 
were reduced in the hot, humid conditions. There was an abrupt increase in 
friction at the higher skin wettedness levels, ratings of material coarseness 
also rose. So, friction between skin and clothing may contribute to overall 
discomfort and partly explain the contribution of skin wettedness to 
sensations of unpleasantness (Gwosdow et al. 1986), although it is difficult 
to link these observations to the present study findings.  
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5.  Chapter summary 
 
In an extension to the study in Chapter 5, the present study showed that 
wetting different layers increased the friction coefficient values for all 
combinations, with the largest increases occurring with the high friction 
layers. However when participants wore the wetted layers, the high friction 
conditions did not produce a significantly higher increase in metabolic rate, 
compared to the low friction layers. The percentage increase in metabolic 
rate due to wetting was actually higher for the low friction layers when 
walking in the inner layers wet and during the obstacle course in inner layers 
wet and inner / outer layers wet conditions. This may be due to the number 
of wet layers binding together and moving as one, particularly in the 
obstacle course, reducing the effects of friction and thus the metabolic rate. 
The participants did subjectively rate their level of perceived exertion higher 
when wearing wet layers and in the high friction layers, though not 
significantly. The results of this study have proved inconclusive and deserve 
further attention.  
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